Introduction.
The research and development of supersonic propulsion devices for aerospace planes that will cruise at hypersonic speeds has renewed interest in the interaction of freestream disturbances and shock waves and the interaction of such disturbances with shock induced detonation waves. The latter interaction is of particular importance in the theoretical propulsion device known as the Oblique Detonation Wave Engine (ODWE) in which all burning takes place in a thin overdriven detonation attached to a wedgelike surface. Of course, the stability of such a detonation structure has never been demonstrated; however, numerical calculations (Fujiwara, Matsuo, and Nomoto 1 ) of a supersonic flow past a wedge in a reacting gas have indicated that an oblique detonation might be possible as the degree of overdrive is increased. The former interaction is of importance to both the ODWE and the SCRAMJET concept. In the ODWE, inert shock structures are utilized to precondition the incoming stream such that an oblique, overdriven detonation is possible at the predetermined location. In the SCRAMJET, mixing of fuel and oxidizer in high speed flows is of major concern, and the enhancement of turbulent mixing by oscillating shock waves has been proposed (Kumar, Bushnell, & Hussaini 2 ). In addition to the freestream disturbances which are inherently present in practically all high-speed flows of technological importance, the oscillation of the surfaces to which the shock/detonation wave are attached must be considered. These oscillations will induce curvature into the shock/detonation, and furthermore, induce the generation of pressure, vorticity and entropy waves. It is the purpose of this study to investigate the interaction of freestream disturbances and an oblique overdriven detonation (the shock wave is considered as the zero heat release limit of this problem) and to investigate the generation of pressure, entropy and vorticity waves by the small movements of the structure to which the oblique detonation wave is attached.
The model problem, assumes a wedge of half angle 9 in a uniform supersonic stream.
In the presence of the wedge, the supersonic flow abruptly changes direction through a thin layer at an angle X to the axis of symmetry of the wedge in which all of the macroscopic quantities such as density, pressure, temperature and velocity change in an order one sense (see Fig. 1 ). The angle X is a function of the flow speed, wedge angle, and 1 the exothermicity and is found by assuming the layer to be of infinitesmal thickness and applying the generalized Rankine-Hugoniot conditions to relate the velocities, pressure, temperature and density ahead of and behind the discontinuity. In an inert flow, the discontinuity is just a regular shock wave; whereas in a reacting flow, the thin layer is considered as a detonation with a finite amount of heat release. The base flow was examined by Gross 3 and later by Pratt, Humphrcys, & Glenn 4 in the context of its application to the ODWE. It is clear that when heat release is allowed for, there is both a maximum and a minimum wedge angle for which the weak oblique detonation could exist. The maximum wedge angle corresponds to detachment while the minimum wedge angle corresponds to the Chapman-Jouget conditions in which the normal component of the flow behind the detonation is sonic.
The equations governing the gas flow both ahead of and behind the shock/detonation are the Euler equations along with the ideal gas law. The no mass flux condition is imposed on the wedge surface, so that the normal component of the flow must have the same velocity as the velocity of the wedge normal to its surface. The analysis is accomplished by linearizing the Euler equations about the base state and applying the Rankine-Hugoniot conditions at the mean position of the detonation.
Two distinct problems are considered: an oscillating wedge in an otherwise uniform supersonic stream of a reactive mixture hereafter referred to as the Oscillating Wedge Problem, and a stationary wedge in a non-uniform flow consisting of a uniform stream and a superimposed disturbance hereafter referred to as the Stationary Wedge Problem.
The former was first proposed by Carrier 5 and Van Dyke' for the nonreacting flow. Their interest was in the surface pressure distribution and the resultant forces and moments and their relevance to oscillating airfoils. This problem was reconsidered by Hussaini, Collier and Bushnell 7 from a different point of view. They were interested in vorticity generation owing to shock motion in non-reacting flows. The latter problem of a shear wave interaction with a detonation wave induced by a wedge in a supersonic flow is an extension of the study of Jackson, Kapila, and Hussaini? in which a weak sinusoidal vorticity wave is obliquely convected through an overdriven detonation with the angle of incidence taken as the angle that the upstream flow makes with the normal to the detonation. In that study, the flow field behind the detonation wave is unobstructed, and two possible disturbance patterns exist depending upon the angle of incidence. For constant upstream Mach number and constant heat release, there exists a critical angle of incidence below which the flow downstream is subsonic and above which the flow downstream is supersonic. For supersonic flow behind the detonation (i.e. for large angles of incidence), the acoustic disturbance generated by the incident vorticity wave is also sinusoidal in nature; for subsonic flow behind the detonation, the acoustic disturbance is exponentially damped. Non-linear numerical calculations by Lasseigne, Jackson and Hussaini 9 confirmed this behaviour and provided some limits on the applicability of the linear results. In particular, for flows not near the critical angle and with small vorticity disturbance amplitudes up to 10%, the linear theory quite accurately predicts the response. For flow angles near critical or for larger disturbance amplitudes, a steady state is not achieved numerically and perhaps may not exist, and therefore, comparisons with the linear theory could not be made. In the present study, only overdriven detonations in which the flow behind the detonation is supersonic are considered.
In each problem considered, the focus is on (i) the deviation of the detonation position from its constant undisturbed position, (ii) the vorticity and pressure disturbances generated or transmitted at the detonation, and (iii) the variation of these disturbances with increasing exothermicity of the reaction and inflow Mach number.
Model Problems and Governing Equations
In this section and the rest of the paper, the following nomenclature is used (see The equations governing the flow on each side of the detonation are the compressible Euler equations for an ideal gas. The dimensional form of the conservation of mass equation, the momentum equations and energy equation for an inviscid ideal gas in the coordinate system tangential and normal to the wedge surface is
The exothermic reaction is assumed to be concentrated in the detonation of infinitesmal thickness, and therefore, the Rankine-Hugoniot conditions with heat release provide the appropriate conditions for the flow immediately behind the detonation. For an ideal gas, the dimensional Rankine-Hugoniot conditions are
where If and 1b indicate that the quantities should be evaluated on the fresh side and burnt side of the detonation. The uniform state of the burnt gas in the absence of disturbances has been chosen to nondimensionalize the flow variables. Hence, the characteristic scale for velocity is the sound speed a*; for pressure, density and temperature, the scales are p*, p* and Tb*. For the Stationary Wedge Problem, the characteristic length scale L* is chosen such that the wavenumber of the incoming vorticity disturbance is unity; for the Oscillating Wedge Problem two types of motion are considered: a pivot about a fixed point along the centerline of the wedge and a lateral periodic motion along the centerline. For the pivoting motion of the wedge, the length scale is chosen as the distance from the apex to the pivot point; and for the lateral motion of the wedge, the length scale is chosen as ab/w* where w* is the dimensional frequency of the wedge oscillations (in nondimensional units the frequency of the wedge oscillations will be unity). All length scales are assumed to be very large compared to the detonation thickness. 
and the disturbance quantities at the detonation are:
where
In the above disturbance relations, ~'= = =0 which is appropriate for the three problems considered. The exothermicity parameter is Q = (Y-1)q/a* 2 . For convenience, a second exothermicity parameter, an inflow Mach number, and the inflow Mach number normal to the detonation are defined as q = (t-1)q/a~f 2 , Ui = U 0 f /a;, and M,,
For the Stationary Wedge Problem, the velocity field for the weak sinusoidal vorticity disturbance in the fresh incoming gas is assumed to be
here e is small; the normal and tangential components are
cos(x) + fo cos(x) cos(Y +b). (6b)
For the Oscillating Wedge Problem, the free stream is assumed to be undisturbed U = U 0 ; 6 The small disturbance in the incomliig flow or the oscillation of the wedge produces a small deflection of the detonation from its otherwise planar state. This deflection generates a small amplitude acoustic, vorticity and entropy disturbance in the gas behind the detonation. Therefore, the following forms are introduced
The disturbance quantities satisfy the linearized Euler equations
-y
In addition, the zero flux condition must be imposed at the wedge surface. For the Stationary Wedge Problem where the wedge is considered stationary this condition is simply
For the Oscillating Wedge Problem where the periodic motion is a pivoting motion about the point (x,y) = (b,O) with angle of rotation given by F = Eexp(iwt), the condition becomes
where the pivot point is b = 1 as a result of the nondimensionalization. For lateral motion of the wedge where the position of the apex is given by (xa, y,,) = (e i w t , 0), the condition is V'lI=o = -iw sin 0 eWt.
7 with w = 1 as a result of the nondimensionalization. Finally, the conditions at the detona-
completely determine the solution and also determine the unknown detonation position h'(,,t).
Analytic Solutions
A. Stationary Wedge Problem. In this problem where the wedge is stationary and the free stream is convecting a steady vorticity wave given by (5), the entire solution, including the detonation position h', is steady. The governing equations are separable, and the functions which satisfy the no flux condition at the wedge surface are: 
where f is an arbitrary function. The conditions across the detonation X = AY (y = Y(cos 0 + A sin 0) and 71 = v1 + A 2 Y along the detonation) can be written as an overdetermincd linear system for two of the unknown functions S(Y) and fhy = V1i -+A2h'
'he above system is easily reduced to
'he last equation provides the solvability condition which determines the unknown function 
All quantities have beeni determined, and the results are presented in Section 4.
B. Oscillating Wedge Problem. For the problem where the wedge pivots about a point with a time periodic motion of small amplitudes, the disturbances are also time periodic. This implies that any transients due to the initiation of the motion have had sufficient time to propagate out of the region of interest. The solutions are sought in the
and the linearized Euler equations become
iwV' + UoVk + p I = 0,
1y ,
The first three govern the acoustic and vorticity disturbances, while the fourth governs the convection of the entropy disturbance. In addition, the detonation position is assumed to be a function of Y (71 = v"/T+X2Y along the detonation) and t of the form
It is only necessary to utilize the equations for U', V' and p' to completely determine all quantities.
Following Carrier 5 and Van Dyke 6 , the functions 0 and E are introduced such that
which are found to satisfy
The eigenfunctions for the first equation are 
V=0
where k = and % /A 2 -#2.
It is left to determine as,, b,, c, and d, using the boundary condition at the wedge surface and the appropriate conditions at the detonation.
It should be noted that solutions exist when a 0 and co are not zero, but these solutions represent modes which are excited by the initial start up. By assumption these modes are neglected, and the summations for 0 and E start at v = 1. The assumption that the detonation is attached to the wedge apex determines do and the condition at the surface (11) determines the b,. For the wedge which oscillates about the pivot point,
where i" = iUo + iVU--1. The conditions at the detonation (4) When the reflection returns to the detonation, it distorts the detonation further, as is seen by the two discernible wavelengths in the detonation position, and some of the energy is transferred to new entropy and vorticity waves. This second interaction is weak as seen from the small difference between the vorticity response of the attached oblique detonation and the detonation in the unobstructed flow. The second difference is in the detonation
position. There appears to be an overall change of slope for the attached detonation. This change of slope can be determined from the sum of the second and fourth terms in equation (18a) where it is found that this apparent change of slope is proportional to cos 6. The summation in (18a) is approximately zero since the quantity (A -/3)viY is small for the scale chosen in Figure 3 . The second term of (18a) represents the change in slope at the apex of the wedge also proportional to cos 6. For the unobstructed detonation, the solution demonstrates no overall dependence on the phase 6 of the incoming disturbance owing to the invariance under a vertical translation; however, with a wedge present, the problem is no longer invariant under such a translation which results in the effects just mentioned.
The dependence of the responses on inflow Mach number and exothermicity is ex- it is conceptionally easier to think about specifying inflow conditions. Figure 4a is the amplitude of the first term in equation (18a) and Figure 4b is the second term of (18a) which gives the change of slope at the apex owing to the presence of the wedge. Figure   4c is the amplitudes of the first term of (18b) which is the transmission coefficient for the vorticity, and Figure 4d is the amplitude of the first term in the summation of (18b) which represents the strength of the vorticity generated by the first reflection. although for any device of practical length only a few such oscillations are expected to be present. However, by considering the limit of large distances from the wedge apex, it is easier to quantify the results. Each of the three curves were fit to the functional form of Ail cos(kq + A) for q/large (,q being the distance along the detonation). The amplitude of the pressure disturbance is directly proportional to the frequency of the oscillation of the wedge, the amplitude of the vorticity is proportional to the square of the frequency, and the wave number of the response is proportional to the frequency. This can be determined by the computed solutions and also by examination of the summations; the pressure involves first derivatives of 0 while the vorticity involves second derivatives of E. In Figure 6 In determining if an oblique detonation is stablized by increasing the Mach number of the incoming flow, this study shows that the computational domain will need to be sufficiently large in order to capture the response of the system to reflected acoustic waves.
The response to these reflected waves increase with increasing Mach number, whereas the response to disturbances coming from the freestream decrease with increasing Mach number. It could be imagined that increasing inflow Mach number is stabilizing io freestream disturbances while at the same time is destabilizing to disturbances reflected from the wedge surface or generated by movements of the wedge itself.
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